shown that thermal treatment and influence to the components of the EOR system causes a significant change in the composition and properties of the investigated oils. The content of low molecular weight n-alkanes in the treated oils was increased 2.5 times. Viscosity of oils was reduced almost three times, the amount of oxygen-containing compounds and total acid number of oils has also declined.
Introduction
In recent years the quota of heavy and high-viscosity oils in the world's crude oil production has been increasing. The world's heavy and high-viscosity crude oils reserves exceed by about 5 times the proven low-and medium-viscosity crude reserves of Canada, Venezuela, Russia, USA, Mexico, China, Germany, Mongolia and other countries of the world [1] [2] [3] .
At present thermal enhanced oil recovery is an increasingly common method of extracting heavy crude oils worldwide. Water steam is widely used as a heat carrier. The main two forms of the technology for thermal stimulation of oil reservoirs are cyclic steam simulation and steam flooding [4, 5] . The process is repeated until production falls below a profitable level. Similar studies of steam stimulation processes have been conducted recently. The data obtained suggest that, due to the joint effect of water and heat, the physical properties of oils, e.g. viscosity, are liable to change [6] . Another idea (VAPEX) is to recover heavy oils using saturated hydrocarbon (propane, butane) vapours under carefully controlled conditions which lead to separation of asphaltenes from heavy crude. The asphaltenes thus left behind are deposited on the reservoir matrix while the much lighter oil is recovered [7] . For the evaluation of heavy petroleum fractions, thermogravimetry (TG), a thermal analysis technique, is considered a good analytical tool to determine the thermal behavior of these fractions at high temperatures. TG analyses were made of petroleum distillation residues from different Brazilian oils. The apparent cracking activation energy of saturates, aromatics, resins and asphaltenes was also determined by TG [8] .
Many researchers are steadily making attempts to find chemical additives to steam in order to improve its effect. Recently, there have been important progresses in oil recovery using chemical addition. At present carbon dioxide gas СО 2 is considered as the best additive. The reasons of СО 2 beneficial effect are well known: it increases a phase permeability of a oil reservoir, decreases oil viscosity etc. [9, 10] . Miscible carbon dioxide (CO 2 ) flooding has become the most commonly and favorable approach in EOR because of its high oil reservoir sweep efficiency and contribution to the reduction of greenhouse gas emissions. The results of CO 2 gas injection revealed that the amount of pure asphaltenes molecules deposition was increased to a great extent as the CO 2 mole fraction was increased [11] . As well, in fields of Russia and Venezuela surfactant has been used to generate foams that enhance steam distribution more evenly in the reservoir [12, 13] . The field tests in Henan Oil Field, China, using carbamide increased oil recovery by 7 % [14]. During some years many researchers are developing the concept of the treatment of high-viscosity oil pool with surfactant-based systems, which due to a heat carrier generate СО 2 and ammonia buffer solution in situ [15] . During a water-alternating-gas (WAG) flooding process for heavy oil reservoirs, the adverse mobility ratio leads to a considerable amount of injection gas fingering through the oil zone. To improve the recovery efficiency of the WAG process for Saskatchewan (Canada) heavy oil reservoirs, a laboratory feasibility study was conducted to evaluate an improved WAG process that augments the injection water with chemicals (alkali/surfactant/polymer) [16] . Recently, many studies have shown that the comprehensive effects of water and heat in steam stimulation processes may not only change the physical properties of heavy oils, but also produce chemical reactions [17, 18] . Many chemical reactions include decarboxylation of oil components, formation of H 2 S from sulfur in the crude, formation H 2 , CO, CH 4 and CO 2 from reactions between water, chemical additions and crude [19] . As a result, we conducted a study in the laboratory on high-viscosity and heavy crude oils and investigated the physical properties and the component changes of oils during EOR simulation processes.
We have decided upon the given EOR systems for the following reason: these systems contain surfactants; hence, in the course of treatment they are capable to generate carbon-dioxide gas and alkaline buffer solutions in situ. As a result, oil viscosity, interfacial tension and clay swelling decrease, whereas the mobility of reservoir fluids increases, which results in an enhancement of the oil-displacement factor and in a decrease of residual oil saturation. Pilot tests were carried out in Usinskoye oil field (Russia) and Lyaohe oil field (China) [20, 21] .
Experimental
Oil samples. The test samples of high-viscosity and heavy crude oils were obtained from Russian, German and Mongolian oil production factories. These are designated as R, G and M, respectively. The composition of original oils samples were determined, the results are listed in Table 1 .
Method for removing water and solids from oil samples. Before analysis water and particulates should be removed from the sample by centrifugation or settling. Sample of heavy crude oil with water are placed into a cone-shaped centrifuge tube. After centrifugation the volume of the higher gravity water with sediment layer at the bottom of the tube is calculated.
Experimental procedure. A mixture of oil sample and EOR system was prepared in the volume ratio of 2:1; it was kept for 24 h in a closed autoclave at constant temperature (125-200 °С) and pressure of 2-4 MPa, and then cooled down to room temperature. The technology for EOR was simulated by adapting the composition and temperature of EOR system to the oil reservoir conditions. The EOR systems generally contain surfactants, ammonium nitrate and carbamide, capable of producing carbon dioxide and thus create an alkaline buffer system in situ. Due to the carbamide decomposition, СО 2 was isolated; in the course of its barbotage mixing of the oil phase took place. With the test completed, the oil phase was separated from the water phase containing the composition.
The simulation was performed using EOR system having optimal composition; the non-ionogenic anion-active surfactants produced in Russia and China were employed. The physical properties and the component changes of the oil samples were also determined. The influence of oil-displacement system on the rheological characteristics (viscosity) of the oil samples was studied at 20 °С; the density of the samples was examined at 15 °С.
SARA composition analysis. SARA oil testing measures saturates, aromatics, resins and asphaltenes in crude oils, distillates and feed stocks. The composition of the studied oil samples was determined by liquid adsorption chromatographic (LC) analysis of the deasphalted oil. The asphaltenes were separated from the oil samples by bringing the oil into contact with dry hexane in 40-volume excess. The liquid chromatographic analysis was carried out on silica column. The silica column was activated previously with dry hexane. The saturated and aromatic fractions were obtained by elution with hexane, the resins were obtained by elution with mixture chloroform and methyl alcohol (93:7 by volume). The fractions were quantified gravimetrically after the removal of the solvent. Viscosimetry. The rheology of the oil samples was examined at atmospheric pressure using lowfrequency vibration viscosimetry technique; the "Reokinetika" (Russia) unit was equipped with a tuning-fork vibration sensor.
Density. Relative density (specific gravity) is the ratio of the mass of a given volume of liquid at a specific temperature to the mass of an equal volume of pure water at the same or different temperature.
Both reference temperatures must be explicitly 
Results and discussion
The effect of treatment on the viscosity of the oil samples. Five oil samples (2R, 3G, 4G, 5M, 6M) have high paraffins content (more 6 wt %), one sample (heavy oil 1R) have high resin+asphaltene content (21.2 wt %). All 6 oil samples used in the experiment have high viscosity indexes 1160-
mPa • s (at +20 °C).
The treatment was found to cause a decrease in the viscosity of the oil samples from 33 to 96 rel %, depending on the oil composition (see Table 2 ).
Thus the highest decrease in the viscosity (89-96 % rel) was observed for the treated oil samples 2R, 5M and 6M, which had the lowest asphaltenes contents (0.5-1.1 wt %); however, the same samples had the highest paraffins contents (14.6-16.8 wt %).
The effect of treatment on the composition of the oil samples. The SARA analysis was made using the oil samples before and after treatment; the results are listed in Table 1 .
The treatment has evidently caused a decrease of 0.1-1.8 wt % in the total resins+asphaltenes content; at the same time, the content of saturated+aromatic HCs has increased by 0.1-1.8 %. The highest decrease in the paraffins content (5.1-8.0 wt %) are observed for samples 2R, 5M and 6M. Elemental analysis of the oils. The elemental analysis was made for studied oil samples; the results are presented in Table 3 . It can be seen that the EOR system treatment has caused a decrease in the content of oxygen and only an insignificant decrease in the content of sulfur. The nitrogen content, on the contrary, has increased, which is due to the interaction of organic acids with ammonia released from the EOR system. On the other hand, a decrease in the oxygen content might be due to partial decarboxylation by heating of the composition. The EOR treatment has caused only an insignificant decrease in the density of the oil samples (see Table 3 ). The above results suggest that the composition of heavy and high-viscosity oils studied is affected by the EOR treatment, since EOR systems contain surfactants, ammonium nitrate and carbamide. Due to the treatment using EOR system, a thermotropic system would form.
It is capable to generate in situ a physic-chemical mechanism based on the kinetics of carbamide hydrolysis in water and EOR systems at 70-250 °C to yield ammonia and carbon dioxide [22] . Table 3 . The effect of EOR system treatment on the elemental composition and density of the oil samples
Oil sample Density at +15 °C, kg m -3 Elemental composition (wt %) The latter component readily dissolves in water and undergoes hydrolyzation at temperatures above 70 °C in situ to give ammonia and CO 2 , i.e.:
Carbon dioxide dissolves more readily in oil than it does in water; its distribution coefficient is in the range 4-10 for oil/water system at temperatures 70-250 °C and pressures 10-40 MPa (cf. the respective value for ammonia ≤ 6×10 -4 ). Hence in the oil/water system the oil phase would be saturated with CO 2 and the water phase, with ammonia. Ammonia and ammonium nitrate form a buffer system, which has maximal buffer capacity having pH 9.0-10.5.
Thus, the effectiveness of EOR system treatment is enhanced due to the formation of carbon dioxide, which is the product of carbamide hydrolysis.
The acid content in the oil samples before and after treatment. Heavy crude oil is a complex mixture of organic compounds predominately composed of hydrocarbons, and often contains large amounts of other compounds such as organic and inorganic sulfur species, trace metals and naphthenic
acids.
Naphthenic-based crudes contain a higher percentage of naphthenic acids. Naphthenic acids constitute about 50 wt % of the total acidic compounds in crude oils [23] . The naphthenic acids value indicates to the crude oil refinery the potential of corrosion problems. This type of corrosion is referred to as naphthenic acid corrosion (NAC). In addition, naphthenic acids may cause emulsification during the refining process, which makes it difficult to separate water from the oil and decreases the oil field [24, 25] . The data presented in Table 4 indicates that the crude oils from Russia (samples 1R, 2R), Germany (sample 3G) are all high acidic oils with TANs above
, sample 4G from Germany is classified as acidic oil (TAN above 0.5 mg KOH g
.
As is seen from Table 4 , the EOR system treatment has caused a decrease in the acid number of oils, which suggests that practically all naphthenic acids have been involved in the interaction with EOR system ammonia.
Upon EOR system decomposition, the ammonia is liberated which interacts with the acids of the oil samples to give salts and amides of naphthenic acids:
heating The salts of naphthenic (carboxylic) acids with ammonia and amides possess surfactant properties; therefore, they are used as demulsifiers, dispersant and detergent additives [25] .
The effect of EOR system treatment on the composition of n-alkanes in the oils. The analysis of n-alkanes was performed using gas-chromatography technique. The results are presented in Fig. 1 .
It is found that the hydrocarbons С 10 -С 36 occur among the normal alkanes of the original and treated oil samples.
The results presented in Fig. 1 suggest that the treatment of the original oil using EOR systems on the base of surfactant has caused no significant change in the content and distribution The results obtained in investigations suggest that oil/water emulsions prepared from long-chain alkanes are more stable than those made from short-chain alkanes [26] . The destruction of emulsions will cause the short-chain (light) alkanes to pass into crude oil, while the stable long-chain (heavy)
alkanes will remain at the interface, with a resultant increase in the proportion of light alkanes in the oil phase. As a result there was a reduction in viscosity and density of the oil samples after treatment compositions.
Сonclusions
1. The study on composition changes of high-viscosity and heavy oils indicate that after treatment the content of saturated and aromatic hydrocarbons in samples of oil increases and the amount of resins and asphaltenes is reduced.
2. The effect of EOR treatment and heating caused an increase from 13-21 to 38-53 rel % in the fraction of low-boiling hydrocarbons C 10 -C 15 with the distribution of C 10 -C 34 n-alkanes remaining the same. 
